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SUMMARY

The application of high velocity oxygen fuel (HOF) coatings has gained increasinga
in the aerospace industry. It has the potential to replace hard chromium cotnsin a nubrofwas his ons to
applications. Thswr asfcsdo acrann the limitations of EVOF coatings apidt
ultra high strength steels and components experencig high loading A group tubular
axial fatigue specimens with 2.3 in. diameter and 5.0 in. long gage were with a
WC-Co Composite coating (Sulzer Metco Diamalloy 2005) vih the HYOF process. HWOF
coating thickness was varied from -0.006 in. to -0.012 in. and material used ws 4340
steel to Hyruf. The fatigue seinswere subjected to 20 cycle test semnsstarting at150 ksl
or 160 ksi for stress ratios of -1 and -0.33, respectively. Stepped stress tsigwas cniudi
10 ksi increments until coating failure was obevdin the form of cracking and/or plig
Coating failure was obevdto be a function of coating thcns.As coatingthcns
increased, coating failure occurred at p ively lower stress level
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INTRODUCTION

Hard chrome plating provides high strength steel with excellent wear resistance and
corrosion protection. Importantly, hard chrome coatings can be used tore-build worn and
corroded components that have been removed from service for maintenance and repair. Chrome
plating is used extensively in critical navy aircraft components such as landing gear cylinders,
hydraulic cylinders, axles, pins, and races.

Unfortunately, chrome plating baths contain hexavalent chromium, which is a known
carcinogenic. During operation, chrome plating tanks emit a hexavalent chromium mist into the
air that must be ducted away and removed by scrubbers. Also, waters generated from plating
operations must be disposed of as hazardous waste. These factors have provided significant
motivation to reduce the use of hard chrome coatings on Navy aircraft.

Previous research and development efforts had established that high velocity oxygen fuel
(HVOF) thermal spray coatings are the leading candidates for replacement of hard chrome. The
types of components onto which HVOF coatings are being qualified and the year of project
initiation are: (1) Landing Gear, 1998, (2) Propeller Hubs, 1999, (3) Hydraulic Actuators, 2000,
and (4) Helicopter Dynamic Components, 2001.

Under Joint Test Protocol, extensive tests (fatigue, wear, corrosion) were conducted by
Hard Chrome Alternative Team. The results of HVOF coated samples were compared with those
of hard chrome plated. The comparison was very favorable.'

HVOF coated samples exhibited better wear resistance, equal or better fatigue
performance, and equal corrosion resistance.

The purpose of this investigation is to evaluate the effect of HVOF coating thickness,
stress ratio, and steel substrate on the spalling characteristics of tubular specimens similar in
dimension to typical landing gear components.

EXPERIMENTAL PROCEDURE

TEST SPECIMENS

Tubular axial fatigue specimens were manufactured from 4340 steel and HyTuf to
simulate coated landing gear components, figure 1. A listing of the test specimens prepared is
presented in table 1. The fatigue specimens were rough machined with a 2.05 in. inside diameter,
a 5.0 in. gage length, and threaded ends. Rough machined specimens were heat treated to RC 52-
53 for 4340 steel and 180-200 ksi yield strength for the HyTuf and the outside diameter ground

'Validation of VC/Co HVOF Thermal Spray Coatings as a Replacement for Hard Chrome Plating on Aircraft
Landing Gear, Environmental Security Technology Certification Program (ESTCP). Joint Group on Pollution
Prevention (JG-PP). Joint Test Report Part 1: Materials Testing. 21 Nov 2002. U.S. Hard Chrome Alternatives
Team (HCAT).
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to nominal dimensions between 2.285 in. and 2.306 in. to accommodate coating thicknesses
ranging from 0.006 in. to 0.012 in., respectively. The variation in these dimensions reflects the
manner in which coated landing gears are reworked in that the coating thickness to wall thickness
ratio increases from 0.045 to 0.095 with increases in coating thickness up to 0.012 in. (i.e.,
coating thickness corresponding to the maximum allowable stock removal during the serviceable
lifetime of landing gear). The ground specimens were then grit blasted per AMS-S-13165 with
54 grit aluminum oxide supplied at 60 psi and a 90 deg impingement angle.

Figure 1: Tubular Axial Fatigue Specimen Coated with Diamalloy 2005 in the Gage Section

Table 1: List of Test Specimens

S i Base.A.....Nominal Coating Standard Deviation in
Specmen ase lloy Thickness (mils) Coating Thickness (mils)

HVOF 1 through 8 4340 Steel 5.6 0.26
HVOF 9 through 16 4340 Steel 8.9 0.18
HVOF 17 through 30 4340 Steel 12.0 0.06
DSP No. 8 4340 Steel 11.5 N/A
HT I through 3 HyTuf Steel 10.8 0.43
HYT HyTuf Steel 12.3 0.23

The fatigue specimens were coated with WC-17% Co. The coating, commercially
available from Sulzer Metco under the trade name Diamalloy 2005, was applied to the fatigue
specimens via the HVOF process at Hitemco in Old Bethpage, New York. An additional
specimen was detonation gun coated with a DSP-1000 Detonation System at Demeton
Technologies, Inc., in West Babylon, New York.

AXIAL FATIGUE TESTS

Stepped-stress axial fatigue tests were conducted on a 220 kip servohydraulic test system
operating in load control. All specimens were loaded with a sinusoidal waveform at 0.5 Hz.
Specimens were tested at stress ratios, R, of -1 and -0.33 in 20 cycle segments starting at
maximum stress levels of 150 ksi and 160 ksi, respectively. The maximum stress for each 20

2
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cycle segment was increased in 10 ksi increments until the coating on the specimen failed, which
for the purpose of this report, is defined as the stress associated with visible cracking or spalling.
For specimens tested at R = -0.33, the load was increased to the mean load at a rate of 2 kips/s
prior to starting the fatigue test.

The stress applied to the specimen is evaluated as:

4P

= -[3]

where a = applied stress, P = applied load, d, = inside diameter of the tubular specimen, and do =
outside diameter of the tubular specimen excluding the HVOF coating. The implicit assumption
in this stress calculation is that the coating does not transmit load, which depending on the extent
of damage accumulation prior to failure, could potentially overestimate the failure stress by -5%
to -11% with increases in coating thickness from 0.006 in. to 0.012 in., respectively.

The degree of misalignment in the load train used for fatigue testing was evaluated with
the general procedures outlined in ASTM E1012 by loading a tubular tensile specimen in the
range between 50 kips and -50 kips. However, instead of simultaneously measuring the percent
bending at discrete loads in four orthogonal positions on a strain-gaged specimen, the degree of
bending was evaluated from four load-strain curves corresponding to extensometer positions
located at 90 deg intervals around the circumference of the specimen. This procedure yielded the
load-strain data in figure 2. A strain-based measure of specimen compliance, Cj, over a range of
applied load is evaluated from the expression:

- 2X(Pi -PXe1 -e)E 'P P
[1]

where Pi = load of the ith data point, e, = engineering strain of the ith data point, P = average

load, e = average engineering strain, and the subscript j refers to relative extensometer positions
of 0, 90, 180, and 270 deg around the circumference of the specimen. The percentage bending, B,
is estimated as:

B= 200 V(C0. - CI) 2 + (C9V - C27) 2

BCJ .[2]

The results of this analysis indicate that the load train exhibits bending strains less than
1% of the axial strain over the -50 kip to 50 kip range.

3
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Figure 2: The axial strain in a 4.0 in. gage length is shown as a function of applied load
at four angular positions on the circumference of a tubular fatigue specimen. Evaluation
of these data, Equations 1 and 2, indicate that the bending strain is less than 1% of the

axial strain for applied loads in the -50 kip to 50 kip range.

Damage in a thin (0.006 in.) HVOF coated specimen, HVOF 3, was monitored by visual
and ultrasonic inspection. The gage section of the fatigue specimen was partitioned into 140
areas of -0.25 in.2, each area corresponding to roughly 0.7% of the total surface area of the
coating. The center of each area was visually and ultrasonically inspected after every 20-cycle
test segment. A Krautkramer Branson USN 52 portable inspection unit with a 0.25 in. diameter
piezoelectric transducer operating at 10 MHz was used for the ultrasonic inspections.

4
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EXPERIMENTAL RESULTS

SINGLE-STRESS FATIGUE TESTS

The first test, conducted on specimen HVOF 17 (0.012 in. coating thickness), consisted
of loading to 180 ksi at R = -I for 20 cycles. However, the coating on the specimen exhibited
catastrophic failure during the first tensile load cycle. The failure of the coating was widespread
enough to momentarily affect control of the servohydraulic system, such that a failure stress of
168 ksi could be identified for spalling of the coating, figure 3. Based on this test, the starting
stresses of 150 ksi and 160 ksi for subsequent tests were conducted at R = -1 and R = -0.33,
respectively.

Specimen DSP 8, which was D-gun coated with a DSP-1000 Detonation System, also
exhibited spalling during the first tension cycle to 160 ksi.

1.6E+6 I I .6E+

SPECIMEN: HVOF 17 SPECIMEN: HVOF 17

FAILURE LOAD:
133 kIdp

1.2E+6 1.2E+6

1 ,.E.6 1 . ,E+6

& OE+4 8.OE.4

6.OE+4 60E+4

a b4.0E+4 -- 4.0E+t4

2.OE+4 20Er+4

STRESS CYCLE 1 STRESS CYCLE 1
O.OE+O I I .OO:.O+* I

OE+O 2E-2 4E-2 6E-2 8E-2 0 OE+0 4.0E-1 8,0E-I 1,2E+0

ACTUATOR DISPLACEMENT (in.) TIME (seconds)

Figure 3: The (a) load-actuator displacement and (b) load-time data are shown
for the first tension stress cycle applied to specimen HVOF 17.

STEPPED-STRESS FATIGUE TESTS

Data for the stepped stress tests are presented in figures 4 and 5 and table 2. Details of
individual tests are tabulated in the appendix. The lower-bound axial stress for visible cracking
or spalling decreases from 180 ksi to 170 ksi with increases in HVOF coating thickness from
0.0055 in. to 0.009 in. when R = -1. It is important to note that coating failure occurs upon initial
loading for some of the specimens with 0.012 in. thick coatings.

5
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Stepped stress tests at R = -0.33 exhibit an equivalent trend to the tests at R = -1, although
the former exhibit a larger decrease in the lower-bound failure stress over the 0.006-0.009 in.
range of coating thickness, figure 4.

220 1 1 1 1 1 1 1 1 1 1

HVOF COATED TUBULAR FATIGUE SPECIMENS

200 • R =-1
3 0 STEPPED STRESS TEST

* 0 SINGLE STRESS TEST

S• •DSP-1000
5I 160 "__ ____ ___-__ SPECIMEN '

2.1604 a NO VISBLEa 14WSALLING

140

STEPPED STRESS TESTS STARTED AT 150 kBl

120 1 I I I j I ,I . I I

0,005 0.006 0.007 0.008 0.009 0.010 0.011 0.012 0.013

HVOF COATING THICKNESS (In.)

220 1 1 1 1 1 I 1 I I

HVOF COATED TUBULAR FATIGUE SPECIMENS

S R R-0.33

no

180 0(2)0

I. •0(2)

S160 b NO VISIBLE (2)09
SPALLING

STEPPED STRESS TESTS STARTED AT 160 ksl

140 1 , I a I , I a I a I , I

0.005 0.006 0.007 0.008 0.009 0.010 0.011 0.012 0.013

HVOF COATING THICKNESS (in.)

Figure 4: The axial stress associated with visible spalling of the HVOF coating is shown as a
function of coating thickness for stepped-stress fatigue tests conducted at

(a) R = -1 and (b) R = -0.33. The numbers in parentheses represent the number of tests for
multiple tests with equivalent values of coating thickness and failure stress. All the fatigue

samples were machined from 4340 steel and coated with HVOF.
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220 1 ' I '

HVOF COATED TUBULAR FATIGUE SPECIMENS

mo R -1
J.j *STEPPED STRESS TEST
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'. 180 . .. .. HVOF 17

> SPCMEN (2

U.4

NO VISIBLE
SSPALLING HY TUF STEEL

W 140
-.J

<X
,t

120 I , I * I * I * I , I * I

0.005 0.006 0.007 0.008 0.009 0.010 0.011 0.012 0.013

HVOF COATING THICKNESS (In.)

220 ' I ' I ' I - I I I I

HVOF COATED TUBULAR FA1IGUE SPECIMENS

.R =-0.33

0 (2r
~180 0(2 12)

S• ~0(2) •,

o b OVISILE (2)SPALUNG/

HY TUF STEEL

140 n I , i . i . i . i . i
0.005 0.006 0.007 0.008 0.009 0.010 0.011 0.012 0.013

HVOF COATING THICKNESS (in.)

Figure 5: Spalling characteristics as a function of the coating thickness showing HyTuf
exhibits a similar behavior to that of 4340 steel at R of -1.0 (a) and -0.33 (b).
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Table 2: Loading Stress of HVOF Coating Specimens when Coating Failure was First Observed

__4340 Stel IHyTuf Steel
Coating Thickness Coating Thickness Coating Thickness Coating Thickness

5.6 mil 8.9 mil 12 mil 11 - 12 mil

Stress, R=-1 R =-0.33 R=-1 R = -0.33 R=-1 R = -0.33 R=-1 R = -0.33
ksl

150 HVOF 26

HVOF20 H HT 2

160 HVOF 29 HVOF 27 HT 3 HYT 2
HVOF 30 HYT 7

HVOF1O HVOF19 HYT I
170 I-OF13 HVOF12 HVOF21 HYT3 HYT4

HVOF16 HVOF 22 HYT6

HVOF 9 1VOF 23
180 HVOF 8 HYOF HVOF 14 HVOF 17 HVOF 24

HVOF 15 HVOF 24

190 HVOF2 HVOF7
200 HVOF 4
210 HVOF 3

HVOF 5

A statistical assessment of the mechanical property data is provided in table 3. The mean

failure stress is observed to decrease with increased coating thickness. In the range of coating

thickness evaluated, failure stress decreases 3.6 ksi/mil for specimens tested at R = -1 and

5.5 ksi/mil for specimens tested at R = -0.33.

Table 3: Statistical Assessment of HVOF Coating Failure Stress

____ ___ 4340 Steel __ _ __ HTuf Steel
Coating Thickness Coating Thickness Coating Thickness Coating Thickness

5.6 ril 8.9 Mil 12 mil 11 - 12 rol
Stress, R=-1 R = -0.33 R=-1 R = -0.33 R=-1 R = -0.33 R=-1 R = -0.33

ksi

X mean 190 203.3 175 172.5 166.7 168 166 164

STD 8.2 9.4 5 4.3 9.4 9.8 4.9 4.9
N 3 3 4 4 6 5 5 5

X win 180 190 170 170 150 160 160 160
X max 200 210 180 180 180 180 170 170
Lower
Bound 170 180 160 160 140 150 150 150

8
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DAMAGE ACCUMULATION AND SPALLING IN THE HIGH VELOCITY OXYGEN
FUEL COATINGS

Damage of the HVOF coatings was obtained through visual and ultrasonic inspection of
specimen HVOF 3 (0.006 in. coating) after every 20 cycle test segment. Visible cracking and
ultrasonic indications were not observed at stresses up to 200 ksi. However, inspection revealed
circumferential crack formation and limited subsurface delamination without visible spalling at
the reported failure stress of 210 ksi. Figure 6 indicates the location of damage along the
specimen's circumference and gauge length of the specimen as well as whether it was detected
visually or through ultrasonic inspection. Unfortunately, through-section fracture during the first
tensile load cycle at 220 ksi precluded any further evaluation of damage accumulation in this
specimen. These data nevertheless indicate that a limited amount of damage accumulation in the
form of delamination and crack formation occurs prior to spalling in the thin (0.006 in.) HVOF
coatings.

SPECIMEN HVOF 3
210 ksl

m VISUAL INDICATIONSmm

(CIRCUMFERENTIAL CRACKS)

3 .U.

12

-* ULTRASONIC
INDICATIONS

0 I * I

0 2 3 4 5 67

POSITION ALONG CRCUMFERENCE (In.)

Figure 6: Spatial distribution of damage in specimen HVOF 3 (0.006 in. coating),
as revealed by visual and ultrasonic inspection, after 20 load cycles at 210 ksi (R = -0.33).

Stepped stress testing comprised fatigue loading in 20 cycle test segments and
10 ksi increments starting at 160 ksi.

The spalling that defines coating failure in specimens tested at R = -1 preferentially
initiates at a crack coincident with the circumferential machining blend in the steel substrate that
defines the transition from the gage section to the specimen shoulder, figure 7. Cracks grow out
of the circumferential crack into the specimen shoulder and arrest along a circumferential line
(i.e., line of constant stress), thereby releasing sections of the coating, figure 7a. Tight

9



NAWCADPAX/TR-2005/38

circumferential cracks also are visible to varying degrees in the gage section of the specimens,
but these cracks do not initiate spalling at the failure stress. However, increases in stress above
the reported failure stress initiate spalling along circumferential cracks in the gage section,
figure 7b. Specimen HVOF 26 is an exception to this trend in that spalling initiated from
circumferential cracks in the gage section. The only distinguishing characteristic of this specimen
is that it exhibited the lowest failure stress (150 ksi) of any of the coated specimens. In contrast,
the spalling that defines coating failure in specimens tested at R = -0.33 preferentially initiates at
circumferential cracks in the gage section, figure 8. Notwithstanding specimen HVOF 5, cracking
at the transition from the specimen gage to the shoulder was not apparent after testing at the
reported failure stress when R = -0.33.

-A I

a 0.In. b0.5 In.

Figure 7: Morphology of spalling exhibited by HVOF coatings in axial fatigue tests at R = -1:
(a) specimen HVOF 8 (0.0055 in. coating), stepped stress test to 180 ksi and (b) specimen HVOF

4 (0.0055 in. coating), stepped stress test to 200 ksi (spalling failure near the end of the gage
section) followed by testing at 210 ksi (spalling failure in the gage section).

10
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0.5 in

Figure 8: Uniformly spaced circumferential cracks in the HVOF coating of HyTuf specimen
after the application of 20 fatigue cycles at 180 ksi and R = -0.33. The image was

obtained under a black light after processing the specimen with dye penetrant.

DISCUSSION OF RESULTS

HIGH VELOCITY OXYGEN FUEL COATING FAILURE STRESS

Table 3 provides statistics for the mechanical tests performed. Linear regression analysis
of the mean stress at which coating failure was observed results in the following equations:

For R = -1

Om -an=3.6t + 209 [3]

For R = -0.33

=me= -5.5t + 230 [4]

where 0 mean = the mean failure stress (ksi) associated with coating retention, and t = coating
thickness (mils). While linear regression provided a reasonable interpolation of the results within
the range of coating thicknesses tested, the authors do not suggest that failure stress is
theoretically a linear function of coating thickness.

11
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While the mean stress at failure is of significance, it is more important to define the
lower-bound stress. The lower-bound stress is the test stress at which no failure was observed.
Based on a linear regression of the lower bound values obtained from the limited number of
fatigue samples tested, the following expressions can be written:

MAtx =187 - 3077t (R = -1), [5]

and:
OMAX =228-8000t (R = -0.33), [6]

where cMmAx = maximum stress (ksi) associated with coating retention and t = coating thickness
(in.). These equations are valid for coating thickness ranging from 0.006-0.009 in.

The definition of a lower bound stress for the 0.012 in. coating thickness again is not
possible since the lowest failure stress is equivalent to the starting stress (160 ksi) for the fatigue
tests. Extrapolation of this linear trend beyond 0.009 in. is not possible since the lower-bound
failure stress for a 0.012 in. coating may very well be less than 150 ksi (i.e., the starting stress for
the fatigue tests).

It is important to note, that for engineering applications the lower-bound values may not
be conservative. That is, the stress value at which 95% of the coated specimens at a confidence
level of 95% will not fail may well be less than the lower bound stress.

MECHANISM OF HIGH VELOCITY OXYGEN FUEL COATING FAILURE

As indicated on the data sheets in the appendix, fatigue tests are accompanied by audible
indications during the loading portion of the tensile stress cycle (da/dt > 0). Examination of
videos taken during the tests, as well as posttest examination of the specimens, suggest that the
audible indications are associated with the delamination of localized regions of the coating in
conjunction with the formation of circumferential cracks on the specimen, figure 6. Visible
circumferential markings immediately prior to the formation of circumferential (tensile) cracks
also were observed in two specimens exhibiting regions of subsurface delamination.2 Spalling of
the coating, on the other hand, appears to occur after the formation of the circumferential cracks
during the loading portion of a compressive stress cycle (da/dt < 0).

The axial fatigue data indicate that the HVOF coating is more susceptible to spalling
under fully reversed bending (R = -1), although the increases in failure stress with stress ratio are
relatively modest (0-10 ksi) and reflect a change in failure initiation site. It can be speculated
that, during the loading cycle, the presence of a geometric stress due to modulus mismatch
between the substrate and coating material would exceed that of the adhesion stress. This will
lead to delamination during the tensile portion of a loading cycle. Finally, the cracking and
spalling occur either in sequence or simultaneously. Therefore, the delamination that
subsequently initiates a circumferential crack would be highly dependent on the amount of

ZRefer to the data sheets in the appendix and the *.mpg files for specimens HVOF 15 and HVOF 20.

12
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adhesion strength and modulus mismatch between the substrate and coating during the
compressive portion of the loading cycle. The extent of the delamination would increase in the
presence of a geometric feature such as the machining blend and/or with an increase in the
maximum compressive stress. This explanation is consistent with the initiation of spalling at the
gage-shoulder transition when R = -1 and the general absence of cracks at the gage-shoulder
transition when R = -0.33, figures 7 and 9.3 The effect of the coating thickness on the spalling
stress can be explained by the varying bendability of the coating material. It is speculated that the
delamination stress may be the same for coatings of two different thicknesses. However, for the
highly brittle coating material as WC-17Co, a small increase in thickness will increase the plane
stress component, thus decrease the bendability. Consequently, the spalling stress for the thicker
coating is lower than that of thinner coating.

It is interesting to note that the spalling stresses for the 4340 steel substrate are pretty
similar to those of the HyTuf as shown in figure 5 and table 4. Considering most of the spalling
occurred below yield strength of the HyTuf, it is safe to assume that delamination and spalling
occur while the substrate steel is subjected to within the elastic range. Assuming that all the high
strength steels exhibit a similar elastic modulus, we can reach a reasonable conclusion that the
amount of strain for spalling for different high strength steels (HyTuf, 4340, Aremet 100, and
300M) would be the same. Consequently, the results obtained here can be extended to other high
strength steels such as Aermet 100 and 300M.

3The two noted exceptions to the variation in failure mode with stress ratio (specimens HVOF 5 and HVOF 26)
suggest that competition between different failure initiation sites may be affected by variability in the substrate
and/or coating for tests conducted at each stress ratio.

13
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0. In 1.0oIn.

C In.

Figure 9: Morphology of spalling exhibited by HVOF coatings in axial fatigue tests at R = -0.33:
(a) specimen HVOF 7 (0.006 in. coating), stepped stress test to 190 ksi; (b) specimen HVOF 14

(0.009 in. coating), stepped stress test to 180 ksi, and; (c) specimen HVOF 30 (0.01225 in.
coating) tested at 160 ksi. Arrows in (a) indicate regions of localized delamination and

circumferential cracking (i.e., incipient spalling) in the gage section.

14
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Table 4: Summary for HyTuf Axial Test Data

HVOF COATING RATIO OF COATING COATING
SPECIMEN THICKNESS THICKNESS TO STRESS FAILURE FAILURE MECHANISM AT THE

(in.) SUBSTRATE RATIO, R STRESS FAILURE STRESSTHICKNESS _kl)

HT1 0.010 0.087 -1 160 CIR. CRACKING -+ SPALLING
HT3 0.011 0.093 -1 160 CIRCUMFERENTIAL CRACKING

HYT1 0.012 0.104 -1 170 CIR. CRACKING -- SPALLING
HYT3 0.012 0.104 -1 170 CIRCUMFERENTIAL CRACKING
HYT6 0.012 0.106 -1 170 CIRCUMFERENTIAL CRACKING

HT2 0.011 0.095 -0.33 160 CIR. CRACKING -- SPALLING
HYT2 0.012 0.104 -0.33 160 CIRCUMFERENTIAL CRACKING
HYT4 0.013 0.110 -0.33 170 CIR. CRACKING -- SPALLING
HYT5 0.012 0.104 -0.33 170 CIRCUMFERENTIAL CRACKING
HYT7 0.012 0.103 -0.33 160 CIRCUMFERENTIAL CRACKING

Based on these observations, a general mechanism of coating failure is proposed:

Localized regions of subsurface delamination results from the fact that elastic mismatch
strain between the substrate and coating during the tensile portion of the loading cycle exceeds
that of the adhesion (primary factor affecting delamination).

Circumferential cracks, figure 8, initiate from localized regions of subsurface
delamination in the HVOF coating during the loading portion of tensile stress cycles. The
circumferential cracks were originated because the HVOF coatings were applied
circumferentially. Delamination and cracking may occur in sequence or at the same time
depending on the coating thickness during the same loading cycle or during different loading
cycles, figure 6. It is believed that the delamination and cracking occur in sequence for thin
coating and at the same time for thick coating.

Spalling initiates at the circumferential cracks since the brittle and cracked coating cannot
accommodate the compressive stress during the loading cycle.

15
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CONCLUSIONS AND RECOMMENDATIONS

Thinner coatings exhibit a higher failure stress than the thicker coatings. This is te for

stested at both stress ratios (R = -1.0 and -0.33).

Ttested at a stress ratio of -0.33 are slightly higher

(0-10 ksi) than the failure stress of specimens tested at a stress ratio of- 1.0

The mechanism of coating failure is idpnetof the stress ratio employed. Failure
occurs by a combination of subsurface delarinton, circumferential crack initiato and
p on, and spalling from the circumferential cracks.

Although the spalling tests were conducted on the two high strength steels (4340 and
HyTuf), the results are believed to be applicable to other types of high strength steels s as
Aermet 100 and 300M.

The lower-bound. stress rersnsthe stress at which no coating failure was osre.No
application of HVOF coatings on high strength steel is
the lowerbound stress. The application of HYOP otig on high strength steels rqie
careful consideration of the test data provided. The further development ofstitcal
s1 design 7 a t a
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APPENDIX
DATA SHEETS FOR THE AXIAL FATIGUE TESTS

4340 steel
HVOF 2, 3,4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 26, 27, 29, 30, DSP No. 8

HT 1, 2,3
HYT 1, 2, 3, 4, 5, 6, 7
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SPECIMEN HVOF 2

OUTSIDE DIAMETER In.): 2M
EFFECTIVE OUTSIDE DIAMETER (In.): 2274
INSIDE DIAMETER In.): .4
CROSS-SECTIONAL AREA On'): 07928

TWHOUT COATING)

NOINAL COATING THICKNESS (In.): O

STRESS MAXIMUM MINMUM STRESS
MAXIMUM STRESS (k@d RATIO, R LOAD (dIt) LOAD (MI) CYCLES

150 -1 118. -118.9 20 W auNWo.

160 -1 126.9 -12(L9 20 in0m.MnUWM -uAmK Aros m MMm WM 7W

170 -1 134.- -134.8 20 D WmM W iolL

180 -1 1427 -142.7 20 ? 1Jh U

IS- -f -10 - A100 -1 160.6 -180. 43 __._ _ .u_,,_____ ,,,_,_ ._ _ --__________

---- ý

SPECIMEN HVOF 3

OUTSIDE DIAMETER (In.): 2M
EFFECTIVE OUTSIDE DIAMETER (in.): 2.274
INSIDE DIAMETER (In.): 2.043
CROSS-SECTIONAL AREA (In'): 017M32
(WIT1OUT COATING)

NOMINAL COATING THICKNESS (In.): 0.006

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS 0) RATIO, R LOAD (kllm) LOAD (kips) CYCLES

160 -0.33 125.3 -41.8 20 AUoNU_ WrAo_ ,rfuX0_ _ T

170 -0.33 133.1 -44A4 20 •UDE Pl r~K M o T U U W

ISO -0.33 141 -47 20 ,U f 0 W Te

190 -0.33 148.8 -49.6 20 AWE" fmjg egm 1 Tf6T

200 0.33 156.6 -52.2 20 mM0m yo 1I ouamew YJTM

210 -3 164.6 -P4.A 20- - - -i~'m~l•

220 0.W 172 .7A 1 SPECIMEN FAIL•D

t l .ATS.0WpI01MEIOAhD

SPECIMEN H'OF 4

OUTSIDE DIAMETER (In.): 2285
EFFECTIVE OUTSIDE DIAMETER (In.): 2.274
INSIDE DIAMETER (n.): 2.04
CROSS-SECTIONAL AREA (In'): 0.78
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.0055

MAXIMUM STRESS 0" STRESS MAXIINI MUM STRESS
RATIO, R LOAD (Idp.) LOAD (kdp) CYCLES COMMENTS

150 -1 117 -117 20 AUD oM m10 cvu• 1

160 -1 124.8 1248 20 mal. mrAl1alwomaqou •T

170 .1 132.6 -1326 20 m

180 -1 1404 -1404 20 AUmiuWumx4 r mural

190 1 1482 -1482 20 Awe" W"________mcmo

20 1508 - 20

210 16$.& -13 402
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SPECIMEN HVOF 5

OUTSIDE DIAMETER (In.): 2.285
EFFECTIVE OUTSIDE DIAMETER (KiY 2.274
INSIDE DIAMETER (in.): 2.042
CROSS-SECTIONAL AREA (ini): 0.864
(WTHOUT COATING)

NOLNAL COATING THICKNESS (h.): 0.0065

STRESS MAXIMUM MNIMUM STRESS COMM SMA)IMUM STRESS (kel) RATIO, R LOAD (hp) LOAD (Idp) CYCLES

100 -0.33 125.8 -41.9 20 MXXuu0ocou0m C It, 14. WAN..

170 -0.33 133.7 -4486 20 AWSE fAMM MW SW NWE 5JMJ.

180 -0.33 1418 -472 20 A MA MA04 W1Wwm , 1WUT V. U m S#A4M_

190 -0.33 149.4 -49.8 20 om m nma *On. om Tlr outT V vuu I

200 -0.33 157.3 -52.4 20 A= m up,

210 -0.33 185.2 -561 20

LOU0M.WO .T lI MW E r 1£MG LOW

SPECIMEN HVOF 0

OUTSIDE DIAMETER (In.):
EFFECTIVE OUTSIDE DIAMETER (In.):
INSIDE DIAMETER (In.):
CRO068-ECTIONAL AREA (in')-
(WITHOUT COATING)

NOMINAL COATING THICKNESS (hn.):

MAXMUMSTRSS kBQ STRESS MAXIMUM MINMUM STRESS CMETMAXIMUM STRESS (kl) RATIO, R LOAD (kips) LOAD (Id) CYCLES

SPECIMEN HVOF 7

OUTSIDE DIAMETER (In.): .2
EFFECTIVE OUTSIDE DIAMETER (In,) 2.274
INSIDE DIAMETER (in.):
CR068-SECTIONAL AREA (hi): 0 7788
(WITHOUT COATING)

NOMINAL COATING THDICKESS (hi.): 0.00

STRESS MAXIMUM MNIMUM STRESS COMMENTSMAXIMUM STRESS (ksQ RATIO, R LOAD (hips) LOAD (hip.) CYCLES

180 -0.33 124.3 -414 20 A,.mE#O , OAIM ,cYCL 4. L • J.•tAM I

170 -0.33 132.1 -44 20 AOU 0MM •V#OJ?1 U&.L & M ND J

180 -0.33 139.8 -46.6 20 am

10 -0.33 147.8 -492 20 cm *7mm-I--
J21 AAPPN.TODIXELAD
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SPECIMEN HVOF 8

OUTSIDE DIAMETER (In.):
EFFECTIVE OUTSIDE DIAMETER (In.): 2.274
INSIDE DIAMETER (In.): 2.2
CROSS-SECTIONAL AREA (in'): 0.7832
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.0055

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS (1.1) RATIO, R LOAD (kips) LOAD (idps) CYCLES

150 .1 117.5 -117.5 20 , ,4.r. 1*.

160 I 125.3 -125.3 20 AUMA WMAM VO•M0.1 lW r MW VO SAUW

170 .1 133.1 -133.1 20 mm~ mwnamT ovm.M

180 -1 141 -141 11 1

SPECIMEN HVOF 9

OUTSIDE DIAMETER (In.): Z.3
EFFECTIVE OUTSIDE DIAMETER (in.): 2.282
INSIDE DIAMETER (In.): 2.05
CROSS-SECTIONAL AREA (In'):. 0.7893
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0009

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS (ksl) RATIO. R LOAD (kips) LOAD (kip.) CYCLES

150 -1 118.4 -118.4 20 amrm.iNSU

160 -1 126.3 -126,3 20 wmuinewm'wm

170 -1 134.2 -134.2 20 AU,.z mmue .~ "IT WuvJi4J.Us A,

180 -.1 14± -142.1 C5 AU - ,U-

- -

SPECIMEN HVOF 10

OUTSIDE DIAMETER (in.): 2.3
EFFECTIVE OUTSIDE DIAMETER (In.): 2,202
INSIDE DIAMETER (In.): 2.052
CROSS-SECTIONAL AREA (In'): 0.7829
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.009

STRESS MAXIMUM MINIMUM STRESS
MAXIMUM STRESS (ali) RATIO, R LOAD (hIpo) LOAD (hipt) CYCLES COMMENTS

160 -0.33 125.3 -4118 20 Atin U.AU .lS.,,hUT u.A, *T fl t

170 -0.33 133.1 -44.4 <20

LOAM AT I t• lA MEAN LOM
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SPECIMEN HV0F 11

OUTSIDE DIAMETER (In.): 2.3
EFFECTIVE OUTSIDE DIAMETER (n): 2282
INSIDE DIAMETER (In.): 2.052
CROSS-SECTIONAL AREA (In'): 0.7829
(WITHOUT COATING)

NOLINAL COATING THICKNESS (In.) 0009

MAIMUM S STRESS MAXMUM MINIMUM STRESS COMMENTSU S() RATIO, AI LOAD (k) LOAD (o) CYCLES

150 -1 117.4 -117.4 20 AUDR1E EOdAM1 DVhM NC Cc*.E I

160 -1 125.3 -125.3 20 AK•eI •n#,A'nMUcuO MEsU 1. C A Y,.

vww am&=E CwUFUN LM WI

170 -1 13i1 -133.1 20 __r

180 I1 140.9 -140.9 20

SPECIMEN HVOF 12

OUTSIDE DIAMETER (In.): 2.299
EFFECTIVE OUTSIDE DIAMETER (In.): 2.2a
INSIDE DIAMETER (In.): 2.054
CROSS-SECTIONAL AREA (in'): 0.7765
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.o085

STRESS MAXIMUM MINIMUM STRESSMAXIMUM STRESS (kal) RATIO, R LOAD (hIps) LOAD (It".) CYCLES

160 -0.33 124.2 -41.4 20 0AXME mcA1rOG T0U1Nor*wr 7W Off D vMUJ S1• mrsgum •l A; •mr- u

170 -0.33 132 -44 20 In AIX
---- I

LOADTEDAT a MlraTO THE INA LOA3D,

SPECIMEN HVOF 13

OUTSIDE DIAMETER (In.): 2,2
EFFECTIVE OUTSIDE DIAMETER (In.): 2.202
INSIDE DIAMETER (in.): 2.054
CROSS.SECTIONAL AREA (In'): 0.7765
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.00075

STRESS MAXIMUM MINIMUM STRESS COMMENTSMAIMUM STRESS (kal) RATIO. R LOAD (1i4s) LOAD (dps) CYCLES

150 -1 116.5 -116.5 20 A mi.KEuImMM MO ZMu O.'

160 -1 124.2 -1242 20 wItt mmu.Cvmere

170 -1 132 -132 11 .
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SPECIMEN HVOF 14

OUTSIDE DIAMETER (In.): 2.3
EFFECTIVE OUTSIDE DIAMETER (In.): 222
INSIDE DIAMETER (In.): 2.05
CROSS-SECTIONAL AREA (In'): 0.7797
(WITHOUT COATING)

NOMINAL COATING THICKNESS (in.): 0,0

STRESS MAXIMUM MINIMUM STRESS C S
MAXIMUM STRESS (kal) RATIO. R LOAD (idp") LOAD (idpe) CYCLES

160 -0.33 124.7 -41.6 20 A4DWUI WAMMIM oM P.

170 -033 132.5 -44.2 20 ADWE m om, umpna ot1ME

180 -0.33 140.3 -4&8 3 _ I_____ l____ l______T __

LOADWO ATS I O TW MEAN LAOAD

SPECIMEN HVO 15

OUTSIDE DIAMETER (In.): 22
EFFECTIVE OUTSIDE DIAMETER (In.): 2.2. .
INSIDE DIAMETER (In.): 2.05
CROSS-SECTIONAL AREA on'):. 0.789
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0100075

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS (hal) RATIO, R LOAD (Idpe) LOAD (Qdp) CYCLES

150 -1 118.4 -118A 20 AWBU O.WAoTAm M~n uCY

160 .1 126.3 -126.3 20

170 .1 134.2 -134.2 20 A1Au NA.TOW x Mm c-a 1, 4, AMA

180 .1 142.1 .142.1 2

SPECIMEN HVOF 16

OUTSIDE DIAMETER (In.): 2.3
EFFECTIVE OUTSIDE DIAMETER (In.): 2282
INSIDE DIAMETER (In.): 2.052
CROSS-SECTIONAL AREA (In') 0.7829
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0009•

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STrRESS (ki) RATIO, R LOAD (kIps) LOAD (idpe) CYCLES

160 -0.33 125.3 -41.8 20 AmUEta 000MoM M~ cvW

170 -0.33 1331 -44.4 2

LWOADE AT 2 MO T101WP MEAN LOW
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SPECIMEN HVOF 17

OUTSIDE DIAMETER (In.): 230
EFFECTIVE OUTSIDE DIAMETER (In.) 2.282
INSIDE DIAMETER (In.): 2.05
CROSS-SECTIONAL AREA n'): 0.7993
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.012

STRESS MAXIMUM MNMUM STRESS COMMENTS

MAXIMUM STRESS (ksd) RATIO, R LOAD (Odps) LOAD (Idp") CYCLES

17745 -1 140.13 -140A13 1 o____ , ___ _T __ t

SPECIMEN HVWF 18

OUTSIDE DIAMETER (In.:______
EECIEOUTSIDE DIAMETER (In.:______

INSIDE DIAMETER (I.) ______

CROSSECTIONAL AREA 0n'):
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.):

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS (W) RATIO, R LOAD (IdPS) LOAD (Idpe) CYCLES

SPECIMEN HVOF 19

OUTSIDE DIAMETER (In.): 2.305
EFFECTIVE OUTSIDE DIAMETER (n.): 2=2
ItNSDE DIAMETER (In.): .05
CR058-ECTIONAL AREA (in'): 0.7797
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.012

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS (kei) RATIO, R LOAD ("ipe) LOAD (Opa) CYCLES

150 -1 117 -117 20 AMmU, Ina= ouum c,. AML&

160 -1 124.7 -124.7 20 ALMN. M 0~ Cy" 7. 0. AM W

170 -1 13 .5 -132.5 1OMUM l LM PAMaa iC
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SPECIMEN HVOF20

OUTSIDE DIAMETER In.): 23
EFFECTIVE OUTSIDE DIAMETER (In.): 22
INSIDE DIAMETER (n.): 2.053
CROSS.ECTIONAL AREA an'):, 0.7m
(WITHOUIT COATING)

NOMNAL COATING THICKNESS n.): 0.012

SSTRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIUM TRESS (ali) RATIO, R LOAD (idk) LOAD (MPS) CYCLES

lO -0.33 12_.7 ___"_0 111111111101111lam
LOA1DAT2IS10070 TM E LOW. A

SPECIMEN HVOF 21

OUTSIDE DIAMETER 2.n3):
EFFECTIVE OUTSIDE DIAMETER an.): 2=
INSIDE DIAMETER (In.): 2054
CR0SECTIONAL AREA (N') 0.77645
(WrTHOUT COATING)

NOMINAL COATING THICKNESS (in.): 0,12

SSTRESS MAXIMUM EMMUM STRESS COMMENTSMAXIMUM STRIESS (kbI) RATIO, R LOAD (Idpk) LOAD (Idp.) CYCLES

150 -1 116.5 -116.5 20 mE M1DAoM 0~CVOJf, AM

10 "1 124.2 -124.2 20 AUOUE P rWI.YMM ~Ca1U,•4NA.?----
170 -1 132 -132 1 ___W_____ ____ _ _ _M _UM_ _V f,

SPECIMEN HVOF 22

OUTSIDE DIAMETER (In.): 2.306
EFFECTIVE OUTSIDE DIAMETER (In.): 22
INSIDE DIAMETER (in.): 2.5
CROSS-SECTIONAL AREA on'): 0.77
(WITHOUT COATING)

NOMUNAL COATING THICKNESS (in.): Q.012

STRES MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM S'RESS (kd) RATIO, R LOAD (MIp") LOAD (kips) CYCLES

150 -1 1155 -115.5 20 AUNLE 60M___ _ uRM CV= I

160 -1 123.2 -123.3 20

I 130 -130.9 4I
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SPECIMEN HVOF 23

OUTSIDE DIAMETER (In. 2.W0
EFFECTIVE OUTSIDE DIAMETER (In.): 2
INSIDE DIAMETER Qmi 2,053
CROSS-SECTIONAL AREA (in): 0.7797
(WITHOUT COATING)

NOMINAL COATING THICKNESS (in.): 0012

STRESS MAXIMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS ("lD) RATIO, R LOAD (iuNO) LOAD (kips) CYCLES

160 -0.33 124.8 -41.8 20 A mow om uwmo c,".
170 -0.33 132.5 -44.2 20 CUoOM k~ om , l i. Ao .,frft MV

1I0 -0.33 140,34 -46.8 1
LOWEDAT 11•W M WO MEANLAD

SPEQMEN HVOF24

OUTSIDE DIAMETER (In.). 2.3
EFFECTIVE OUTSIDE DIAMETER n. 2.282
INSIDE DIAMETER (In*) 2,3
CROSSSECTIONAL AREA (In): 0.7797
(WITHOUT COATING)

NOMINAL COATING THICKNESS (n. 0.012

STRESS MAJMUM MINIMUM STRESS COMMENTS
MAXIMUM STRESS (ki") RATIO, R LOAD (kips) LOAD (Idps) CYCLES

160 -0.33 1247 41.6 20 A____ N_!_o_ __ MNWS__,__

170 -0.33 132.54 -44.2 20

160 -033 140.34 -4•76 3 ,8_______ , _,, un.
LOEO AT 2 tI M1WIe M4 LOAD

SPECIMEN WF2

OUTSIDE DIAMETER (In.) 2.0
EFFECTIVE OUTSIDE DIAMETER (In) 22M
INSIDE DIAMETER (In.) 2.052
CROSS-SECTIONAL AREA (Il) 0.7829
(WITHOUT COATING)

NOMINAL COATING THICINESS (I.) 0.01225

STRESS MAXIMUM MINIMUM STRESS COMMENTSMAXMUML STRESS (~la) RATIO, R LOAD (kips) LOAD (Idp) CYCLES

150 -1 117A4 417A 19 _______.__=

- - -
- - -
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SPECIMENI HVOF 27

OUTSIDE DIAMETER O.):
EFFECTIVE OUTSIDE DIAMETER (In.: =
INSIDE DIAMETER (I 2n.):0
CROSS-SECTIONAL AREA (In'): 0.7797
(WITHOUT COATING)

NOMINAL COATING THIC -SS on.): 0.012

STRESS MAXIMUM MINIMUM STESOMMENTS
MAXIMUM STRESS (k) RATIO, R LOAD (is) LOAD (lps) CYCLES

i00 -0.33 124.7 .41.6 I ______ ,____________" __' _

• ,.--101 -r•1~t -

OUTSIDE DIAMETER (I,3M
EFFECTIVE OUTSIDE DIAMETER o .n.): 2
INSIDE DIAMETER n.): Z053
CROSSSECTIONAL AREA (In'): 0.7797
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): Q01225

MAXIMUM STRESS (kI") STRESS MAXIMUM MIMUM STRESS COMMENTS
RATIO, R LOAD (dlMp) LOAD (Ips) CYCLES

150 -1 117 -117 20 U• , O.,AM0

160 -1 124.7 -124.7 1

SPECIMEN HVOF 30

OUTSIDE DIAMETER (In.): 2.3M
EFFECTIVE OUTSIDE DIAMETER (In.): 22
INSIDE DIAMETER (In.): 2.0
CRS-ETOA AREA (hi). 0.7=
(wrrHOUT COATI NG)

NOMINAL COATING THICKNESS (In.): 0.01225

STRESS MAXIMUM MMIMUM STRESS
MAXIMUM STRESS 0cM) RATIO, R LOAD (lips) LOAD (kips) CYCLES CMMENTS

100 -0.33 125.3 -41.8 1 vowmfin.um mumuc •
LOADATIt Mpt 10 W5E MEDM
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SPECIMEN DSP #e

OUTSIDE DIAMETER (In.) 226
EFFECTIVE OUTSIDE DIAMETER (In.): 2243
INSIDE DIAMETER (In.): 2.055
CROSS-SECTIONAL AREA (InW: 0.8346
(WITHOUT COATING)

NOMINAL COATING TCICKNESS (In.): 0.0115

STRESS MAXIMUM MINIMUM STRESSMAXIMUM STRESS (ksl) RATIO, R LOAD (kips) LOAD (kips) CYCLES OMNTS

110 -1 101.5 -101.5 20 C0AW ooIR MmAM OU YM I

170 -1 107.9 -107.9 20 rt oUMaDMUR• MARI ES A UM MOuDE.I
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SPECIMEN: HT 1

OUTSIDE DIAMETER (In.): 23
EFFECTIVE OUTSIDE DIAMETER (In.) 2.283
INSDE DIAMETER (in.) 2.047
"CROSS-- CTIO"N AREA (in'): 0.8026
(WITHOUT COATING)

NOMINAL COATING THICKNESS (fm): 0.0103

MAXIMUM STES fa) SRS MAIM.,UM ..mNU STES
MXU sRESS k RATIO. R LOAD (hips) LOAD (kips) CYCLES COMMET

150 1 120 4 1t20.4 20 . • ,

MII

SPECIMEN: HT 2

O IDIAMETER (in.): 2.3052
EFFECTIVE OUJTSIDE DIAMETER (In.): 2.283
WSWDE DIAMETER (bIm): __

CROSS-.SECTIONIAL. AREA (In'): 0.7961
(WITHOUT COATING)

NOMINAL COATING THICKNESS (KI): 0.0111

MAXMU STRES kl SRS MAXIMUM MINIMUM ISTRESS CMET

RATIO R LOAD (kips) LOAD (kips) CYCLES

15O -0 33 119.4 .39.8 20

SPECIMEN: HT 3

OUTSE ODIAMETER (in.): 2,306
EF'ECTIVE OUTSIDE DUAETER (In.): 2284
INSIOE DIAMETER (In.): 2.048
CROSS4SECTIONAL AREA (In': 0.803
(WTHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.0110

dOM m ) RATIM. R LOAD (Idps) LOAD (hdip) CYCLES COMME

ISO -1 120A -120.4 .. . . " v

170 136.5 -13&5 20 W,1*101W
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SPECIMEN: YT I

OUTSIDE DIAMETER (in,): 2.2645
EFFECTIVE OUTSIDE DIAMETER (in.): _2.240
INSIDE DIAMETER (in.): 2.004
CROSSECTIONAL AREA (Inj); El7m
(WITHOUT COATING)

NOMINAL COATING THICKNESS (in.): 0.123

STRESS MAXIMUM MINIMUM STRESS CMETMAXIMUM STRESS (ki) RATIO,. R LOAD (•) LOAD (.Ip) CYCLES COM

140 110.1 110• 1 20

150 1180• -11&0 20

160 -1 125.9 125.9 20

-- - - -

SPECIMEN: HYT_ 2

OUTSODE DIAMETER (in.): 2.2633
EFFECTIVE OUTSIDE DIAMETER (in.): 2.239
INSIDE DIAMETER (in.): 2.0045
CROSS-SECTIONAL AREA (In); 0.7816
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.0122

SPE IMUN SSTRESS 3 I MI S S CMAXIMM STES$ k~t) RATIO. R LOAD (ki•)l LOAD Op)I CYCLES CMET

ISO -033 1i . -39.1 ' 20 •m•*l•N•• • •

170 -0.33 I 132.9J -44.3 20 •

180 -0.33 14.I -46.9 1 20 -T , W

OUTSIDE DIAMETER (In.): 2Z2643
EFFECTIVE OUTSIDE DIAMETER (In.): 2.240
INSIDE DIAMETER (In.): 2Z005
CROSS-SECTIONAL AREA (In): 01836
(WITHUT COATING)

NOMINAL COATING THICKNESS (in.): 0 0122

ISO-1- - -. 175 2

, zaom- ---mmm ml ý ý ý ---

3APD

'41 141 20,• •
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SPECIMEN: HYT 4

OUTSIDE DIAMETER (I.): 2.2
EFFECTIVE OUTSIDE DIAMETER (In.): 2m238
INS11ID DIAMETER (kI.): 2.006
CROSSSECTIONAL AREA (In'): 0.7733
(WnThOUT COATING)

NOMINAL COATING THICKNESS (in.): 0.0128

MAMMSRS Is) STRESS MAMU MINIMUM STRESS COMMENTS
MAmt SRSSks) RATIO, R LOAD(" LOAD (rap) ICYCLES

ISO -0.33 116.0 13 I 20 ,.t c.,•,,,,,ca
ISO +0•m 12. -41.2 I 20

-o InI4

SPECIMEN: HYT 5

OUTSIDE DIAMETER (in.): 2.2=33
EFFECTIVE OUTSIDE DIAMETER (In): 2.239
INSIDE DIAMETER (tin): 2.0055
CROSS.SECTIONAL AREA (In'): 0.7784
(WNITOUT COATING)

NOMINAL COATING THICKNESS (In.): 0,0122

STRESSm MAM( UM MIIUM STRESS OM
MA STRRL Dm) CYCLES COMM

ISO -03 l& 39 20 Imw,.m

T- .13,3 I -" 20mm 1

IS 1080 14I 7 20

SPECIMEN: HYT 6

OUTSIDE DIAMETER (in.): 2%2633
EFFECTIVE OUTSIDE DIAMETER (in.): 2.239
INSIDE DIAMETER (KI): 20085
CROSS-SECTIONAL AREA (In'): 0,7689
(wITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0.0122

$TRESS MAXIMUM MINIM~UM STRES COMMENTS

MAXIMUM STRESS (kal) RATIO R LOAD (kip.) LOAD (kips) CYCLES

ISO 1 11&3 115.3 20 '' ,' ,

160 1 123.0 -1230 20

180 .1 13i4 13&4 10

190 A1 14V1 -146 10
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SPECIMEN: HYT 7

OUTSIDE DIAMETER (0): 22642
EFFECTIVE OUTSIDE DIAMETER (in): 2.240
NSiDE DIAMETER (In.): 2.0055

CROSS-SECTIONAL AREA (inz): 0.7819
(WITHOUT COATING)

NOMINAL COATING THICKNESS (In.): 0-0121

MAXIMUMsra STES() SRS AIMU L MINIM=UM STRESS CMET
MAXIMUM STRESS (hal) RATIO. R LOAD (kips) LOAD (haps) CYCLES

150 -0.33 117.3 391 20

170 -0.33 132.9 -4C3 20 __ ,________u____ot_,
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DISTRIBUTION:

NAVAIRSYSCOM (AIR-4.3.4, AIR-6.3, AIR-3.2E, AIR-1. IE), Bldg. 2188 (25)
48066 Shaw Road, Patuxent River, MD 20670

NAVAIRSYSCOM (AIR-4.3.3), Bldg. 2187 (5)
48110 Shaw Road, Patuxent River, MD 20670

NAVAVNDEPOT (AIR-6.3, AIR-4.3.4, AIR-4.3.3) (2)
NAS North Island, San Diego, CA 92135

NAVAVNDEPOT (AIR-6.3, AIR-4.3.4, AIR-4.3.3) (2)
PSD, Box 8021, Cherry Point, NC 28533-0021

NAVAVNDEPOT (AIR-6.3, AIR-4.3.4, AIR-4.3.3) (2)
NAS Jacksonville, FL 32212

NAVAIRSYSCOM (PMA-265), Bldg. 2272, Suite 445 (1)
47123 Buse Road, Patuxent River, MD 20670-1547

Joint Strike Fighter Program Office (1)
1213 Jefferson Davis Highway, Suite 600, Arlington, VA 22202-3402

NAVAIRSYSCOM (AIR-5.1V), Bldg. 304, Room 120 (1)
22541 Millstone Road, Patuxent River, MD 20670-1606

NAVAIRSYSCOM (AIR-5.1), Bldg. 304, Room 100 (1)
22541 Millstone Road, Patuxent River, MD 20670-1606

NAVAIRWARCENACDIV (7.2.5.1), Bldg. 405, Room 108 (1)
22133 Arnold Circle, Patuxent River, MD 20670-1551

NAVTESTWINGLANT (55TWO1A), Bldg. 304, Room 200 (1)
22541 Millstone Road, Patuxent River, MD 20670-1606

DTIC (1)
8725 John J. Kingman Road, Suite 0944, Ft. Belvoir, VA 22060-6218
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